Pharmacological and biochemical approaches were used to elucidate the involvement of growth factor signaling pathways mediating estrogen neuroprotection in primary cortical neurons after glutamate excitotoxicity. We addressed the activation of mitogen-activated protein kinase (MAPK) signaling pathways, which are activated by growth factors such as nerve growth factor (NGF). Inhibition of MAPK signaling with the MAPK kinase inhibitor PD98059 blocks both NGF and estrogen neuroprotection in these neurons. These results correlate with a rapid and sustained increase in MAPK activity within 30 min of estrogen exposure. The involvement of signaling molecules upstream from MAPK was also examined to determine whether activation of MAPK by estrogen is mediated by tyrosine kinase activity. Estrogen produces a rapid, transient activation of srcfamily tyrosine kinases and tyrosine phosphorylation of p21 rasguanine nucleotide activating protein. Effects of estrogen on neuroprotection, as well as rapid activation of tyrosine kinase and MAPK activity, are blocked by the anti-estrogen ICI 182,780. This provides evidence that activation of the MAPK pathway by estrogen participates in mediating neuroprotection via an estrogen receptor. These results describe a novel mechanism by which cytoplasmic actions of the estrogen receptor may activate the MAPK pathway, thus broadening the understanding of effects of estrogen in neurons.
Although estrogen is generally thought to act as an activator of transcription via nuclear receptors, including estrogen receptors ER␣ and ER␤, increasing evidence suggests that estrogen may also cause rapid activation of signal transduction pathways. Intracellular calcium is immediately increased with estrogen treatment in granulosa cells (Morley et al., 1992) and modulates neuronal calcium channels in striatal neurons (Mermelstein et al., 1996) . Estrogen potentiates kainate currents in the hippocampus via cAMP-dependent phosphorylation (Wong and Moss, 1992; Gu and Moss, 1996) , increases cAM P accumulation in breast cancer cells (Aronica et al., 1994) , and rapidly activates mitogenactivated protein kinase (M APK) in neuroblastoma (Watters et al., 1997) and non-neuronal cells (Migliaccio et al., 1996) . The M APK s are a family of serine -threonine kinases activated by phosphorylation in response to a variety of mitogenic signals. Activation of M APK transduces extracellular signals from multiple membrane receptors to intracellular targets, including transcription factors, cytoskeletal proteins, and other enzymes. Analysis of components of M APK signaling activated by growth factors such as nerve growth factor (NGF) has elucidated a pathway in which a tyrosine kinase receptor initiates sequential phosphorylation and stimulation of adapter molecules to activate a guanine nucleotide exchange factor and a family of small guanine nucleotide binding proteins, including p21 ras (Seger and Krebs, 1995) . In breast cancer cells, MAPK activation by estrogen has been attributed to the initial activation of the nonreceptor tyrosine kinase src (Migliaccio et al., 1996) . Transient transfection of ER␣ into COS-7 cells was sufficient for estrogen-mediated activation of src and MAPK, providing direct evidence of the early involvement of ER in the MAPK signal transduction cascade. Recent evidence has further indicated that activation of the MAPK pathway by another ovarian steroid, progesterone, is also mediated via cross talk of the progesterone receptor with the ER (Migliaccio et al., 1998) .
Estrogen enhances neuronal survival resulting from oxidative stress, excitotoxic insults, and ␤-amyloid (Behl et al., 1995; Goodman et al., 1996; Green et al., 1996; Singer et al., 1996 Singer et al., , 1998 . Our laboratory has reported that a 24 hr pretreatment with 10 -15 nM estrogen before an excitotoxic glutamate exposure significantly reduces cell death in primary cortical neurons . The regulation of neurotrophins (Gibbs et al., 1994; Singh et al., 1995) and neurotrophin receptors (Sohrabji et al., 1994a,b; McMillan et al., 1996) by estrogen, as well as the known role of growth factors in cell survival and recovery from injury (Hefti, 1986; Kromer, 1987; Cheng et al., 1994; Lindholm, 1994) , has led to the hypothesis that estrogen neuroprotection may be mediated, in part, via signaling pathways similar to those used by growth factors. In the experiments reported here, we have examined MAPK and src tyrosine kinase activity in cultured cortical neurons treated with estrogen to ascertain whether growth factorrelated signaling pathways may participate in mediating protective effects of estrogen in neurons after glutamate toxicity.
MATERIALS AND METHODS
Cell culture. Primary cortical neurons were prepared from rat embryos at 17-19 d gestation in dissociation buffer containing 0.14 M NaC l, 5.4 mM KC l, 24 mM H EPES, 4.2 mM NaHC O 3 , 2.5 mM NaH 2 PO 4 , 14 mM glucose, and 0.01 gm / l phenol red. C erebral neocorticies were removed, taking care to avoid the olfactory bulbs and hippocampus. The tissue was minced, treated with 0.25 mg /ml trypsin, and dissociated by trituration in 130 U/ml DNase and trypsin inhibitor. C ells were plated at 0.9 ϫ 10 6 cells/ml on poly-D-lysine-coated 24-well plates for toxicity experiments or 100 mm cultures dishes for immunoblots in Neurobasal media containing the serum and estrogen-free B27 supplement (Life Technologies, Gaithersburg, MD), 0.5 mM glutamine, and 50 g /ml gentamicin. Cultures were maintained at 37°C in a humidified 6% C O 2 atmosphere, and all experiments were performed after 12 d in culture.
Glutamate toxicit y. Forty-eight hours before glutamate exposure, cultures were placed in phenol red-free Neurobasal media containing B27 supplement, 0.5 mM glutamine, and 50 g /ml gentamicin. Estrogen or other drug exposures took place as described at the indicated times. These compounds included a 0.01% ethanol vehicle, 2-amino-5-phosphopentanoic acid (AP-5), C NQX, estrogen in the form of 17␤-estradiol (Sigma, St. L ouis, MO), M K-801 (Research Biochemicals, Natick, M A), NGF (Promega, Madison, W I), ICI 182,780 (ICI) (a gift from Z eneca Pharmaceuticals, Cheshire, England), PD98059, dephostatin, and 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine (PP1) (C albiochem, La Jolla, CA). Glutamate exposure was performed for 5 min at 37°C in buffer containing 2 mM KC l, 1 mM MgSO 4 , 2.5 mM CaCl 2 , 1 mM NaH 2 PO 4 , 4.2 mM NaHC O 3 , 12.5 mM H EPES, 10 mM glucose, 0.1 M NaC l, and 0.1 mM L-glutamic acid. Cultures were then washed and returned to fresh phenol red-free media.
Evaluation of cell death. E xcept where alternatively described, glutamate toxicity was evaluated by measuring lactate dehydrogenase (LDH) activity released in the media 24 hr after glutamate exposure using the C ytoTox96 nonradioactive assay (Promega) and quantitated by measuring wavelength absorbance at 490 nm. Data are normalized to the amount of LDH released from vehicle-treated cells receiving glutamate (100%) and are corrected for baseline LDH release from vehicle-treated cells exposed to buffer only. Where noted, LDH release was also corrected from vehicle-treated cells exposed to drugs. This procedure is necessary to ensure that the reported effects of estrogen are not attributable to the presence of the 0.01% ethanol vehicle solution and to take into account the effects, if any, of the ethanol vehicle on glutamate receptors and buffer or drug treatment on cell viability. Statistical analysis was performed by one-way ANOVA, followed by Fisher's least significant difference test post hoc.
M A PK phosphor ylation. An antibody recognizing the dual threonine and tyrosine phosphorylation sequence from M APK necessary for activation of the enzyme (Anti-Active M APK ; Promega) was used to evaluate extracellular signal-regulated kinase (ERK1/ ERK2) M APK phosphorylation. T wenty micrograms of total protein from aliquots of wholecell lysates obtained as described below for M APK activity or prepared in immunoprecipitation buffer were separated under denaturing and reducing conditions by SDS-PAGE on 10 -20% gradient polyacrylamide Tris-glycine gels (Novex Corporation, San Diego, CA). After transfer to Immobilin-P (Millipore, Bedford, M A), the membrane was blocked with 5% milk in 0.2% T ween 20 in PBS (TPBS) and incubated with AntiActive M APK at a 1:20,000 dilution in TPBS as recommended by the manufacturer. Membranes were then incubated in horseradish peroxidase (HRP)-tagged sheep anti-rabbit IgG diluted in TPBS, and results were visualized by chemiluminescence (Renaissance; N EN Life Sciences, Boston, M A). To examine total ERK2 present in the samples, the same membranes were then stripped of antibody in 62.5 mM Tris, pH 6.8, 2% SDS, and 100 mM ␤-mercaptoethanol at 50°C, washed in TPBS, and incubated with an anti-ERK2 antibody (C -14) at 0.25 g /ml (Santa Cruz Biotechnology, Santa Cruz, CA), followed by chemiluminescence. Optical density analysis with a computer imaging system (MCI D, St. C atharines, Ontario, C anada) was used to quantitate immunoreactivity in terms of fold phospho-ERK2 induction relative to total ERK2 present in the sample.
M A PK activit y. M APK activity was measured as described previously (Seger et al., 1992) . C ells were treated with estrogen or other drugs as indicated, washed in PBS containing 137 mM NaC l, 2.7 mM KC l, 4.3 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 , and scraped in 50 mM ␤-glycerolphosphate, 1.5 mM EGTA, 0.1 mM sodium orthovanadate, 1 mM DTT, 1 mM benzamidine, 0.2 mM PMSF, 10 g /ml aprotinin, 2 g /ml pepstatin, 10 g /ml leupeptin, and 1% Triton X-100. After centrif ugation at 15,000 rpm, whole-cell lysates were added to equilibrated DE-52 columns, washed, and M APK eluted in 0.2 M NaC l. E xtracts were then incubated with 25 mM ␤-glycerolphosphate, 1.25 mM EGTA, 0.15 mM sodium orthovanadate, 1 mM DTT, 10 mM MgC l 2 , 2 M PK I, 10 M calmidizolium, 1 mg /ml bovine serum albumin (BSA), 0.1 mM ATP, and [␥- 32 P]ATP in the presence or absence of 2 mg /ml myelin basic protein (M BP) substrate for 15 min at 30°C. Reactions were terminated by spotting on P81 phosphocellulose, followed by exhaustive washes in 150 mM phosphoric acid and scintillation counting. Protein concentrations were determined using a modified Bradford assay (Bio-Rad, Hercules, CA).
Phosphot yrosine and p21 ras -GTPase activating protein immunoblotting. Primary cortical neuron cultures were treated with estrogen, ICI, or PP1 as indicated. Cultures were then washed in PBS (137 mM NaC l, 2.7 mM KC l, 4.3 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 ), and whole-cell lysates were prepared by centrif ugation at 15,000 rpm in immunoprecipitation buffer containing 25 mM H EPES, pH 7.5, 10% glycerol, 5 mM EGTA, 5 mM EDTA, 100 mM NaC l, 100 mM sodium pyrophosphate, 50 mM NaF, 0.1 mM sodium orthovanadate, 1% Triton X-100, 1 mM benzamidine, 1 mM PMSF, 10 g /ml aprotinin, 1 g /ml pepstatin, and 10 g /ml leupeptin. Protein concentrations were determined using bicinchoninic acid (BCA) (Pierce, Rockford, IL) and 20 g of protein separated under denaturing and reducing conditions by SDS-PAGE on 10 -20 or 4 -20% gradient polyacrylamide Tris-glycine gels (Novex Corporation). After transfer to Immobilin-P (Millipore), membranes were blocked in 5% nonfat milk in TPBS (0.2% T ween 20, 137 mM NaC l, 2.7 mM KC l, 4.3 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 ) and incubated with mouse monoclonal anti-p21 ras -GTPase activating protein (p21 ras -GAP) (B4F8; Santa Cruz Biotechnology) or mouse monoclonal anti-phosphotyrosine (PY20; Santa Cruz Biotechnology) overnight at 4°C. Membranes were then incubated in HRP-conjugated mouse IgG, and results were visualized by chemiluminescence (Renaissance; N EN Life Sciences).
Protein t yrosine k inase assay. Whole-cell lysates were prepared from primary cortical neurons treated with estrogen or other drugs in 25 mM H EPES, pH 7.5, 10% glycerol, 5 mM EGTA, 5 mM EDTA, 100 mM NaC l, 100 mM sodium pyrophosphate, 50 mM NaF, 0.1 mM sodium orthovanadate, 1% Triton X-100, 1 mM benzamidine, 1 mM PMSF, 10 g /ml aprotinin, 1 g /ml pepstatin, and 10 g /ml leupeptin. Protein tyrosine kinase (P TK) activity was measured using a peptide substrate with the SignaTEC T assay system (Promega). E xtracts were diluted in 8 mM imidazole hydrochloride, pH 7.3, 8 mM ␤-glycerolphosphate, and 0.1 mg /ml BSA and incubated for 20 min at 30°C in assay mix containing 8 mM imidazole 2 hydrochloride, 8 mM ␤-glycerolphosphate, 0.2 mM EGTA, 20 mM MgC l 2 , 1 mM MnC l2, 0.1 mg /ml BSA, 1 mM DTT, 0.125 mM sodium orthovanadate, 0.2 mM ATP, 0.2 Ci/l [␥-32 P]ATP, and 0.3 mM biotinylated peptide substrate. Reactions were terminated by addition of 7.5 M guanidine hydrochloride, spotted onto SAM 2 biotin capture membrane squares, washed in 2 M NaC l and 2 M NaCl in 1% H 3 PO 4 , and counted by scintillation. Protein concentrations were determined using a BCA assay.
RESULTS
Initial experiments were performed to characterize glutamate excitotoxicity in these primary neuronal cultures under the dissociation and culture conditions described. In all experiments, cell death was evaluated by measuring LDH release into the media from dead or dying cells 24 hr after glutamate exposure. Although other methods of evaluating cell death are available, LDH release is a reliable biochemical indicator of cell death amenable to the large number of cultures used in these studies. LDH release has also been extensively used to quantitate cell death in neuronal cells (Choi, 1987; Behl et al., 1994; Singer et al., 1996) . As reported previously, concentrations of glutamate ranging from 0.1 to 5 mM cause cell death in 55% of the cells in this culture preparation . The presence of glutamate-insensitive neurons or non-neuronal cells may account for the inability of glutamate to induce death in all cells (Choi, 1992) . Subsequent experiments were performed using 0.1 mM glutamate, representing the lowest dose at which the maximal amount of cell death is achieved in these cultures.
Other laboratories have demonstrated that cell death mediated by an acute toxic glutamate exposure in primary cortical neurons, as performed in these experiments, is dependent on the NMDA glutamate receptor and the presence of extracellular calcium (Choi, 1985; Choi et al., 1988) . To examine the involvement of NMDA receptors in mediating excitotoxicity in this preparation, cultures were treated with the non-NMDA receptor CNQX (10 M), the competitive NMDA receptor antagonist AP-5 (200 M), and the noncompetitive NMDA receptor antagonist M K-801 (10 M) in the presence of 0.1 mM glutamate for 5 min. Glutamate excitotoxicity is partially inhibited by the presence of CNQX or AP-5 and completely blocked in the presence of M K-801 ( Fig. 1) . Excitotoxins acting through non-NMDA receptors, such as kainate, do not produce cell death in these cultures after an acute 5 min exposure (data not shown). The results demonstrate that the acute glutamate excitotoxicity induced in these cultures corresponds to that reported in the literature (Choi et al., 1988; Choi, 1992) . Previous experiments had determined an optimal dose of estrogen (10 nM) required to achieve maximal neuroprotection when the hormone is added 24 hr before glutamate exposure in primary cortical neurons. This effect was not seen with other steroid hormones . It was of interest, however, to determine whether shorter treatment times necessary to mediate nongenomic effects of estrogen could also promote cell survival. In addition, because the expression (Gibbs et al., 1994; Singh et al., 1995) and presumably function of growth factors can be altered in the presence of estrogen, it was also of interest to determine whether a representative growth factor, NGF, could elicit neuroprotection in these cultures. A 24 hr pretreatment of 10 nM estrogen before a 5 min 0.1 mM glutamate exposure decreases LDH release by 20% when compared with vehicletreated cells exposed to glutamate (Fig. 2, filled bars) . This same magnitude of neuroprotection is seen with 20 ng/ml NGF pretreatment for 24 hr. A 5 min pretreatment with either 10 nM estrogen or 20 ng/ml NGF also results in a 20% decrease in LDH release (Fig. 2, open bars) . These results indicate that at either time point, 20% of the cells in this culture preparation treated with estrogen or NGF survive an acute toxic glutamate exposure.
In previous studies, pretreatment of these cultures with glucocorticoids, progesterone, or cholesterol failed to elicit the neuroprotective effects seen with estrogen. Immunoreactivity for the ER␣ is also present in these cultures . To determine the requirement for ER in mediating the neuroprotective effects of estrogen, the cultures were treated with ER antagonists. It had been reported previously that treatment with the anti-estrogen tamoxifen can block neuroprotection elicited by estrogen in these cultures . Tamoxifen, however, may act as a partial agonist in some systems, so it was of interest to determine the effects of ICI, an ER antagonist lacking agonist activity. In Figure 3 , primary cortical neurons were treated with 10 nM estrogen in the presence of 1 M ICI 24 hr before a toxic glutamate exposure. The dose of ICI used in these experiments does not affect neuronal viability in the absence of Figure 1 . Effects of glutamate receptor antagonists on glutamate toxicity in primary cortical neurons. Primary cortical neurons were exposed to 0.1 mM glutamate alone for 5 min at 37°C or in the presence of the glutamate receptor antagonists CNQX (10 M), AP-5 (200 M), or M K-801 (10 M). Cultures were then washed and returned to fresh media, and LDH release was measured 24 hr later. Data are normalized to the amount of LDH present in cultures treated with glutamate alone (100%) and corrected for baseline LDH release in cultures exposed to buffer only. Results are from three to four separate platings; n ϭ 3 per plating; mean Ϯ SE. *p Ͻ 0.05, statistical significance between cultures exposed to antagonists and those treated with glutamate alone. glutamate, and in the presence of estrogen, ICI completely blocks any protective effect observed with estrogen. ICI alone does not to alter glutamate toxicity.
The finding that shorter treatment times of 5 min are sufficient to mediate neuroprotection by estrogen and NGF led to the possibility that the mechanism of estrogen neuroprotection may involve rapid activation of signaling pathways. To determine whether activation of growth factor signaling through MAPK is a component of estrogen neuroprotection, rat primary cortical neurons were treated with the M APK kinase (M EK) inhibitor PD98059 (Fig. 4) . Neuroprotection elicited by either estrogen or NGF is blocked by the addition of 50 M PD98059. Addition of PD98059 alone does not significantly affect cell viability in the presence or absence of glutamate. Subsequent experiments demonstrate that 50 M PD98059 is sufficient to block MAPK activation and phosphorylation by M EK in these cultures (see Fig. 7A ).
The role of tyrosine phosphorylation and tyrosine kinase activation, signaling components presumably upstream from MAPK in these cultures, were examined pharmacologically after glutamate toxicity (Table 1) . To examine the role of tyrosine phosphorylation in mediating neuroprotection, primary cortical neurons were pretreated for 24 hr in the presence of 10 nM estrogen with dephostatin, a membrane-permeable protein tyrosine phosphatase inhibitor (Braunton et al., 1998) . Dephostatin augmented estrogen neuroprotection against glutamate toxicity as measured by a 40% decrease in LDH release from cells receiving estrogen. The role of nonreceptor src-family P TK s was also examined in primary cortical neurons exposed to glutamate using PP1, an inhibitor of src tyrosine kinases (Hanke et al., 1996) . A 24 hr pretreatment with PP1 in the presence of estrogen completely blocks neuroprotection, indicating that tyrosine kinase activation through a src-family kinase may be another component mediating estrogen neuroprotection and MAPK activity. Dephostatin or PP1 alone did not significantly affect LDH release in the presence or absence of glutamate (data not shown).
To determine whether estrogen activates MAPK in these cultures, in vitro phosphorylation assays were performed to assess MAPK activation in the presence of estrogen. Treatment with 10 nM estrogen results in a rapid twofold increase in MAPK activity, as measured by phosphorylation of MBP, that is sustained with 30 min of estrogen exposure before returning to basal levels (Figs. 5, 6) . No MAPK activation was observed in response to the ethanol vehicle. As a comparison, NGF, a growth factor known to acti- Rat primary cortical neurons were treated with vehicle ( V ), 10 nM estrogen (E2), and 20 ng /ml NGF, all alone or plus 50 M PD98059 24 hr before a 5 min 0.1 mM glutamate exposure. Data are representative from three separate platings; n ϭ 3-4 per platings; mean Ϯ SE. Cell death was evaluated by measuring LDH release into the media 24 hr later and normalized to LDH release from vehicle-or drug-treated cultures as described in Materials and Methods. *p Ͻ 0.05, statistical significance between vehicle and NGF, NGF alone, or NGF plus PD98059; **p Ͻ 0.01, statistical significance between estrogen and PD98059; ***p Ͻ 0.001, statistical significance between vehicle and estrogen. Primary cortical neurons were treated for 24 hr with vehicle or 10 nM estrogen in the presence of 10 M dephostatin, a protein tyrosine phosphatase inhibitor, or 10 M PP1, a src-family tyrosine kinase inhibitor. Cultures were then exposed to 0.1 mM glutamate for 5 minutes as described, and LDH release into the media was measured to evaluate cell death after 24 hr. Data were normalized to the amount of LDH release from cells treated with vehicle in the presence of glutamate (100%) from representative experiments; n ϭ 3; mean Ϯ SE. ND, Not determined. * p Ͻ 0.05, significant differences between estrogen and all drug treatments.
vate M APK , rapidly phosphorylates M BP within 5 min of treatment (data not shown). Although other enzymes capable of phosphorylating M BP may be found in the 0.2 M NaCl eluate used in this assay, treatment with 50 M PD98059 completely blocks M APK activity (data not shown) and phosphorylation ( Fig. 7A ) in estrogen-treated cultures, indicating that this activity can be attributed to M APK . Dual phosphorylation of ERK M APK on the threonine and tyrosine residues necessary for activation was also evaluated using the Anti-Active M APK antibody, which has been developed to correlate ERK1/ ERK2 M APK activation with its phosphorylation state (White et al., 1996) . Aliquots of whole-cell lysates used for activity assays were separated by SDS-PAGE and incubated with the Anti-Active M APK antibody. A time course of ERK2 M APK phosphorylation by estrogen is shown (Fig. 6 A,  top) . Addition of 5% serum for 15 min resulted in increased phosphorylation of p44 ERK1 and p42 ERK2 (data not shown) and, in comparison, demonstrated that the band shown represents ERK2 phosphorylation by estrogen. The same blots were stripped and reprobed for total ERK2 as a control for protein loading (Fig. 6 A, bottom) . Optical density analysis of phospho-ERK2 immunoreactivity relative to total ERK2 immunoreactivity correlates with the twofold induction seen using the substratebased enzymatic assay (Fig. 6 B) . The Anti-Active MAPK antibody was then used in subsequent experiments as a measure of MAPK activity.
To examine the possibility that the activation of MAPK by estrogen is caused by the actions of M EK , the M EK inhibitor PD98059 was added to the cultures. In the presence of 10 nM estrogen, MAPK phosphorylation again increases twofold from vehicle-treated cells within 30 min of estrogen treatment as examined by optical density analysis (data not shown). Addition of 50 M PD98059 blocks this ERK2 phosphorylation (Fig. 7A) . Total ERK2 immunoreactivity is also shown as a control in the bottom panel. The ability of PD98059 to block unstimulated ERK2 phosphorylation at the 5 min time point may be attributed to effects of PD98059 on basal ERK2 phosphorylation.
Data from other laboratories has indicated that an ER may mediate MAPK activity in breast cancer cells (Migliaccio et al., 1996) and can be found complexed with heat shock protein 90 (hsp90), MEK, and raf in cortical explants (Singh et al., 1998) , leading us to pharmacologically examine the role of an ER in MAPK activation in neurons. Primary cortical neurons were treated at the times indicated in Figure 7B with 10 nM estrogen in the presence of 1 M ICI. In the experiment shown, ERK2 phosphorylation peaks within 5-15 min of estrogen treatment and is blocked with the addition of ICI. ICI alone did not have any effect on ERK2 phosphorylation in these cultures (data not shown). Total ERK2 from the same immunoblot is shown in the bottom panel.
Pharmacological inhibition of src-family tyrosine kinases (Table 1) has thus far implicated tyrosine kinase activity as a com- Figure 5 . Activation of M APK by estrogen. Rat primary cortical neurons were treated with 10 nM estrogen at the indicated time points, and whole-cell lysates were prepared to evaluate M BP phosphorylation in duplicate with or without the addition of M BP. Data points represent picomoles of 32 P incorporated on phosphocellulose filters in 15 min at 30°C normalized to the amount of protein present in each sample; n ϭ 6 -7; mean Ϯ SE; three to four separate platings. ponent in the mechanism of estrogen neuroprotection. It was of interest to determine the involvement of src-family tyrosine kinases in M APK activation by estrogen. This was done by evaluating the phosphorylation and activation of M APK in the presence of the src-family tyrosine kinase inhibitor PP1. After 30 min of estrogen treatment, M APK phosphorylation increases twofold (Fig. 7C) . In the presence of increasing doses of PP1, MAPK phosphorylation is decreased, thus indicating that M APK is no longer active after estrogen treatment. p21 ras -GAP is phosphorylated after activation of many growth factor receptors and associates with GTP-bound p21 ras to catalyze its intrinsic GTPase activity (Tocque et al., 1997) . p21 ras -GAP also contains an src homology 3 (SH3) and two SH2 phosphotyrosine-containing sequences phosphorylated by a variety of effectors, including src tyrosine kinases (Brott et al., 1991) . Figure 8 shows phosphotyrosine and p21 ras -GAP immunoreactivity at 120 kDa after treatment with 10 nM estrogen in the presence of the src-family inhibitor PP1. Phosphotyrosine immunoreactivity is seen within 2.5-5 min of estrogen treatment and is not present with addition of 10 M PP1, suggesting that tyrosine phosphorylation of a 120 kDa protein, which may be p21 ras -GAP, requires src-family tyrosine kinase activity.
Activation of PTK activity by estrogen in primary cortical neuron cultures was examined using a high-affinity peptide substrate for src-family tyrosine kinases. In the presence of estrogen, PTK activity increases twofold within 1 min of estrogen treatment (Fig. 9A) . Previous reports have indicated that activation of src in breast cancer cells occurs in the presence of a ligandactivated estrogen receptor complex (Migliaccio et al., 1996) . The role of estrogen receptor in mediating src-family PTK activity in the presence of estrogen is shown in Figure 9B in which addition of ICI blocks PTK activity induced by estrogen, suggesting that an ICI-sensitive ER is necessary to mediate the effects of estrogen on PTK activity. The addition of the src-family kinase inhibitor PP1 blocks PTK activity measured in this assay, thus indicating that the PTK activity measured in this assay is attributable to src-family tyrosine kinases.
DISCUSSION
Trophic effects of estrogen affecting neuronal survival have been well documented, but the mechanisms underlying these effects are not fully understood. Recent reports from other laboratories demonstrating estrogen neuroprotection against oxidative stress, excitotoxicity, and ␤-amyloid toxicity (Behl et al., 1995; Goodman et al., 1996; Green et al., 1996; Gridley et al., 1997) have emphasized possible antioxidant properties of the steroid as a mechanism of action. The glutamate toxicity experiments presented here were performed using substantial levels of antioxidants contained in the B27 media supplement. The contribution of the antioxidant properties of estrogen to neuroprotection after glutamate toxicity in these experiments may therefore be masked by the use of B27. The fact that estrogen can elicit neuroprotection in the presence of antioxidants, however, indicates that growth factor signaling pathways are another component of estrogen protection that should be assessed.
Results for our laboratory have demonstrated that a 24 hr or 5 min pretreatment with 10 nM estrogen protects primary cortical neurons from glutamate toxicity and that this neuroprotection is mediated by activation of a tamoxifen and ICI-sensitive ER. The specificity of these effects had been reported previously, showing that treatment with other steroid hormones, including progesterone, dihydrotestosterone, dexamethasone and cholesterol, failed to positively affect neuronal survival in these cultures . The wide variety of protective actions of estrogen and the range of doses (2 nM-10 M) and time points presented in the literature (2-48 hr) creates difficulties in comparing results. To our knowledge, the results presented here are the first to demonstrate neuroprotection with 5 min of estrogen treatment. In addition, the 10 nM dose of estrogen used in these experiments is the same as that used by others (Migliaccio et al., 1996) in which ER-expressing cells also exhibited rapid effects on signaling pathways.
The regulation of neurotrophin expression by estrogen (Gibbs et al., 1994; Singh et al., 1995) and the role of various growth factors in mediating cell survival (Kromer, 1987 ; Cheng et al., 1994; Lindholm, 1994) has led to the examination of growth factor signaling pathways as a possible mechanism in estrogen neuroprotection. NGF was used as a representative growth factor that activates M APK signaling pathways and significantly increases cell viability after glutamate toxicity in the neuronal cultures used in these experiments. Coaddition of NGF and estrogen does not promote greater neuroprotection than either compound used alone (C. A. Singer, unpublished observations), suggesting that growth factors, such as NGF and estrogen, may be acting on the same signaling pathway and that estrogen may not increase the secretion of NGF in these cultures to enhance cell viability. It is also likely that the effects of NGF and estrogen reported here occur in a small percentage of neurons expressing neurotrophin receptor or estrogen receptors, which may account for the modest effects of both compounds on neuroprotection. The role of growth factor signaling pathways in mediating neuroprotection was examined using the M EK inhibitor PD98059 (50 M), which blocks neuroprotection elicited by estrogen and NGF. Doses of PD98059 from 10 -100 M are sufficient to completely block M APK activation by M EK and do not affect activities of other protein kinases, including raf, cAM P-dependent protein kinase, protein kinase C, phosphatidylinositol 3-kinase, c-jun N-terminal kinase, or p38 M APK s (Dudley et al., 1995; . The present observation that activation of ERK MAPK may lead to neuronal survival is consistent with a previous suggestion by X ia et al. (1995) in which cell death induced by NGF withdrawal in PC12 cells was observed to activate JNK and p38 M APK and inhibit ERK M APK . In such a model, activation of ERK M APK and inhibition of JN K and p38 M APK would be predicted to promote neuronal survival.
The mechanism of M APK activation by estrogen is not well understood. Results from several laboratories, however, now indicate this activity may represent a novel mechanism for steroid hormone actions in the cell. In breast cancer cells, a ligandinduced estrogen receptor complex capable of activating the MAPK pathway within 2 min of estrogen treatment has been reported, indicating that the estrogen receptor may f unction in the cytosol to modulate signaling pathways and that the initial signal is likely to come from activation of src (Migliaccio et al., 1996) . Previous work in primary cortical neurons demonstrated that the estrogen receptor antagonist tamoxifen blocks neuroprotection elicited by estrogen . Further experiments have now indicated that ICI, a more potent antagonist, also inhibits neuroprotection and that addition of ICI inhibits MAPK activation by estrogen, indicating that an ICI-sensitive ER is involved in M APK activation within 30 min of estrogen exposure. Activation of growth factor signaling pathways, such as the MAPK cascade, by estrogen appears then to involve cytosolic actions of an estrogen receptor. To the best of our knowledge, the expression of ER is not affected by the use of the phenol red-free culture conditions described here, and the results obtained in the Figure 8 . Primary cortical neurons were treated with 10 nM estrogen (E2) with or without PP1 (10 M) for 30 min. T wenty micrograms of total protein from whole-cell lysates were separated by electrophoresis, transferred to membranes, and immunoblotted with anti-p21 ras -GAP shown at 120 kDa. The same blot was then stripped of antibody and incubated with anti-phosphotyrosine ( p-Tyr). The phosphotyrosine-containing protein at 120 kDa comigrates p21
ras -GAP at 120 kDa. Results shown are from a representative experiment. Figure 9 . A, P TK activity was evaluated at the indicated time points in primary cortical neurons treated with 10 nM estrogen (E2) with or without peptide substrate in the SignaTEC T assay system, followed by scintillation counting. The results are reported as picomoles of ATP added to the substrate during the assay time and normalized to the amount of protein in each sample. The resulting values represent the mean Ϯ SE from duplicate samples representative from three experiments. B, Primary cortical neurons were also treated with vehicle, 10 nM estrogen with or without 1 M ICI 182,780 (ICI ), or 10 M PP1 for 1 min. P TK activity was then evaluated with or without peptide substrate as described and the results described above. The resulting values represent the mean Ϯ SE from duplicate samples representative from three experiments.
absence of phenol red are essentially the same as published previously with media containing phenol red .
Estrogen treatment of rat primary cortical neurons causes a rapid, yet sustained, phosphorylation and activation of ERK2 MAPK that appears to involve upstream components of the signaling pathway. PD98059 inhibits M APK activation by estrogen, indicating that M EK phosphorylates M APK in the presence of estrogen. Inhibition of tyrosine phosphatase activity also enhances neuroprotection, thus making it likely that upstream tyrosine phosphorylation is a prelude to estrogen-mediated activation of M APK in neurons. Stimulation of tyrosine kinase activity attracts adapter proteins and guanine nucleotide exchange factors, such as grb2 and sos, leading to subsequent activation of p21 ras (Egan et al., 1993) . The GTPase activating protein GAP stimulates p21 ras GTPase activity after activation, leading to p21 ras inactivation. In primary cortical neurons, estrogen appears to rapidly increase src-family kinase-mediated tyrosine phosphorylation of a 120 kDa protein that may be p21 ras -GAP. These results differ from previous observations in breast cancer cells demonstrating no change in p21 ras -GAP but increases in GAPassociated p190 phosphorylation (Migliaccio et al., 1996) .
The activity of estrogen on src tyrosine kinases and MAPK activity described here pharmacologically appears to require an ER, consistent with results in breast cancer cells (Migliaccio et al., 1996) . The nature of the involvement of the ER with this signaling pathway remains unclear, but recent results suggest that ER may exist in a cytosolic complex containing hsp90, raf, and MEK (Singh et al., 1998) . Sequence analysis has also suggested that ER interaction with src tyrosine kinases or other phosphotyrosine-containing proteins may be facilitated by a previously unrecognized SH2 domain .
The data presented here do not address the specific involvement of ER␣ or ER␤ in direct activation M APK or whether this activation occurs via an intermediate transcriptional mechanism. It is likely that activation of the ERK M APK signaling pathway by estrogen may ultimately be mediating the genomic activity of ER or other transcription factors. M APK phosphorylation of the ER can regulate transcriptional activity (Kato et al., 1995) , and src-mediated phosphorylation of the ER, presumably via MAPK, has been demonstrated to modulate ER dimerization necessary for DNA binding . It is not known whether dimerization of ER is necessary to mediate the effects of estrogen on M APK activity or whether estrogen may activate M APK while rapidly entering the nucleus to activate genomic responses through the ER. In addition, although our results thus far are in agreement with those reported in breast cancer cells, it is not clear whether estrogen may differentially affect M APK activity in nonproliferating neuronal cultures. The time course of tyrosine kinase activation by estrogen within 1 min of treatment f urther suggests that ER may be acting directly on a src tyrosine kinase or on a closely associated molecule. In addition, the time course of ERK2 activation by estrogen indicates that ER is not acting on ERK2 through an effect on transcription, which would require hours rather than minutes of estrogen treatment. Based on this interpretation, these data suggest that ER is acting directly on one or more components of this pathway.
The results from these studies clearly demonstrate that activation of M APK by estrogen in neurons is mediated via phosphorylation from a src tyrosine kinase. Stimulation of this signal transduction pathway in the presence of estrogen confers the neuroprotective effects of estrogen demonstrated after glutamate toxicity, although it is unclear whether further transcriptional activity mediated by the ER or MAPK is required to mediate neuroprotection. Although estrogen may act as an antioxidant to increase cell viability, these results indicate that alterations in signal transduction pathways by estrogen represent another mechanism of action in a complex chain of events that occur to bring about neuronal death and survival. Although some of the effects of estrogen on src tyrosine kinase and MAPK activity reported here have been reported in breast cancer cells, it is imperative to relate effects of estrogen reported in cell lines to results in primary neurons to determine that these effects can occur in nontransformed cells. The neuroprotective effects of estrogen reported here support clinical observations suggesting that estrogen replacement therapy after menopause reduces the risk of developing Alzheimer's disease (Henderson et al., 1994; Kawas et al., 1997) . Among the implications of these findings are that understanding the mechanisms of estrogen neuroprotection will allow for the development of more effective estrogenic agents useful for the treatment of neurodegenerative disorders, in addition to well documented beneficial actions in preventing cardiovascular and osteoporetic diseases.
